Key words: Type V collagen/Melanoma/Fibronectin/Cell adhesion ABSTRACT. Type V collagen inhibits the cell-substratum adhesion of many types of cells. In this study, inhibitory effects of type V collagen on the adhesion of mouse melanoma B16-F10 cells to fibronectin, laminin and vitronectin were investigated. Whenthe culture dishes were coated with a mixture of fibronectin and type V collagen, adhesion of the cells was inhibited by 50%at a fibronectin/collagen molar ratio of 10/1. At a similar molar ratio, adhesion of the cells to laminin was inhibited moderately, but that to vitronectin was not significantly affected. Type V collagen added into culture mediumwas less effective in inhibiting cell adhesion. The antiadhesive activity of type V collagen was partially retained in the al (V) chain of heat-denatured collagen. The al (V) chain was split into two large fragments, 90 kDa and 60 kDa, by limited digestion with Staphylococcus aureus V8 proteinase. The 90-kDa fragment, which was derived from the C-terminal half of the al (V) chain, inhibited the cell adhesion more profoundly than al (V). However, little fibronectin bound to the 90-kDa fragment, while fibronectin bound to the 60-kDa fragment, which was less antiadhesive than the 90-kDa fragment, with the same extent as al (V). Wetherefore concluded that the antiadhesive effect of type V collagen was not due to its specific binding to the fibronectin molecule.
cin inhibits the adhesion of chick embryo, rat fibroblasts or mouse L929 cells to fibronectin. This antiadhesive activity of tenascin is governed by the N-terminal domain of the molecule that contains the EGF-like repeats (21). Similarly, thrombospondin inhibits the adhesion of bovine aortic endothelial cells to fibronectin (13). Sage et al. (20) reported that SPARC(secreted protein, acidic and rich in cysteine) caused rounding of bovine endothelial cells, fibroblasts and smooth muscle cells in collagen-coated plastic dishes. Several proteoglycans secreted by cells also inhibit cell adhesion and spreading. These include proteoglycans isolated from cartilage (12), rat tumor (1), cultured chick embryo fibroblasts (27) and high-molecular-weight glycosaminoglycans (10). Modulation of cell adhesion by these extra-
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cellular matrix components seems to be important in morphogenesis and remodeling of tissues, migration of cells, wound healing and metastasis of tumors. In general, however, mechanisms by which cell adhesion is inhibited by these extracellular matrix componentsare not fully understood. Fukuda et al. (5) reported that type V collagen selectively inhibits the growth of human umbilical vein endothelial cells, but that collagen types I, II, III, IV or fibronectin enhances cell proliferation. This growth inhibition by type V collagen is due to the detachment of the cells from the substratum during cultivation. Wereported that type V collagen inhibits the adhesion of human endothelial cells and mouse fibroblasts to fibronectin, and that this antiadhesive activity is mainly exerted bythe a\ (V) chain (9). Type V collagen is a minor component of fibrillar collagen of nearly ubiquitous distribution in connective tissues, and shows multiple binding activities to thrombospondin (18), SPARC (20), DNA(7), heparan sulfate proteoglycans (15), heparin (29) , insulin (30) and the proteoglycan form of the macrophage colony stimulating factor (23). Antiadhesive activity seems to be another interesting property of this collagen. In the present investigation, we prepared pro- UT). For cell adhesion assay, Nunclon 24-well plates (Nunc, Roskilde) were coated with a protein solution to be tested at room temperature for 2 hr, and any uncoated surface of the dishes was blocked by the addition of 2% BSA (RIA grade; Sigma), followed by incubation at 37°C for 2 hr. B16-F10 cells were trypsinized and suspended in a small volume of DMEM(Nissui) that contained 0.5 mg/ml soybean trypsin inhibitor (Sigma), and then diluted to 1 to 2 x 105 cells/ml in serum-free DMEM, and 1 ml of the cell suspension was introduced into each well. After incubation at 37°C for 1.5 hr, the wells were washed twice with PBSand the cells were dispersed by trypsinization. Cell numbers were counted by means of a Coulter counter, model D. All results are expressed in terms of meanvalues of duplicate experiments. Fractionation ofpeptides. Type V collagen (10 mg) was dissolved in 1 ml of 20 mMTris-HCl buffer that contained 6 M urea, pH 8.6, and heated at 55°C for 15 min. The sample was put on a column of DEAE Toyopearl 650S (Tosoh, Tokyo), and eluted with a linear gradient of NaCl concentration from 0 to 0.5 M. Peaks corresponding to the a\ (V) and al (V) chains were collected (9). Purity of the peptides was examined by sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) in 4-20% gradient gels in Laemmli's buffer system (14). The a\ (V) chain was dissolved at 2 mg/ml in 50 mMammonium carbonate, pH 7.8 to obtain a 2mg/ml solution, and was teken digested with 2 /ig/ml Staphylococcus aureus V8 proteinase (Takara Shuzo) at 37°C. Digestion was terminated by the addition of 2mM phenylmethylsulfonyl fluoride (PMSF, Sigma), and the sample was introduced into a column of heparin 5PW (Tosoh), which had been equilibrated with PBS-2Murea. After the column was washed with PBS-2M urea, the bound materials were eluted with a linear gradient of NaCl concentration at a flow rate of 0.5 ml/min. Fragmentation of type V collagen with CNBrwas carried out in 70%for-mic acid as reported previously (29 
RESULTS
Inhibition of adhesion of B16-F10 cells by type V collagen in the presence of serum. Culture dishes were coated with 1 mg/ml BSA, fibronectin, type V collagen, heat-denatured type V collagen, a\ (V) chain and al (V) chain. B16-F10melanomacells were suspended in DMEM that contained 10% fetal bovine serum and added into the dishes, and the wells were incubated at 37°C for 8hr (Fig. 1 ). In the presence of 10% serum, the cells attached and spread well in the uncoated dishes and in the dishes coated with BSAor fibronectin. In contrast, in the dishes coated with type V collagen, cell-substratum adhesion was inhibited and the cells aggregated. This antiadhesive effect was partially retained by heat-denatured type V collagen and by its al chain, but the al (V) chain did not inhibit cell adhesion significantly.
Inhibition of cell adhesion in serum-free medium. we Next, examined the effects of type V collagen on the adhesion of B16-F10 cells in serum-free medium. Culture dishes were coated with mixtures of 10 ptg/ml fibronectin and various concentrations of native, heat-denatured or CNBr-treated type V collagen. B16-F10 cells were incubated in these dishes in serum-free DMEM at 37°C for 1.5 hr (Fig. 2) . The numbers of attached cells were reduced to 10% of control by 5 fig/'ml native type V collagen. More than 50%inhibition was observed at a concentration of 1 /ig/ml type V collagen. Heat-denatured type V collagen inhibited the cell attachment by 60% at 3 to 5 ftg/ml, while CNBr-treated type V collagen did not affect the cell attachment at 100 //g/ml. Wealso examined the effects of soluble type V collagen added to culture mediumon the cell-substratum adhesion of B16-F10 cells. B16-F10 cells were suspended in the serum-free DMEM that contained various concentrations of native or heat-denatured type V collagen, or native type I collagen, and added into the fibronectincoated dishes. The numbers of attached cells were counted after incubation of the wells for 1.5 hr. Cell adhesion was inhibited by addition of native type V colla-gen, but about 40 fig/ml collagen was required for 50% inhibition (Fig. 3) . Thus, type V collagen added to culture mediumwas less effective in inhibiting cell adhesion as compared with that bound to culture dishes. Heat-denatured type V collagen inhibited cell adhesion to a lesser extent; nearly 50%inhibition was obtained at 200 fig/ml. In contrast, type I collagen showed no inhibiting activity; it was shown inste to even slightly enhance the cell adhesion. Adhesion of B16-F10 cells to various sustrates. Effects of native type V collagen on the adhesion of B16-F10 cells to fibronectin, laminin and vitronectin, are shown in Fig. 4 . Dishes were coated with mixtures of different concentrations of type V collagen and 10 /ig/ml fibronectin, 35 /ig/ml laminin or 5 //g/ml vitronectin. Adhesion of the cells to fibronectin was inhibited by about 50% of 1 /ig/ml type V collagen (collagen /fibronectin monomermolar rato was about 0. 1/1). On the other hand, 10 fig/ml type V collagen was required for nearly 50% inhibition of the cell adhesion to laminin (collagen/laminin molar ratio was 1.3/1). Cell adhesion to vitronectin was inhibited only by 20%of 10 fjtg/m\ type V collagen (collagen/vitronectin molar ratio was 2.1/1). Thus, adhesion of B16-F10 cells to fibronectin seemed to be affected most by type V collagen. A n tiadhesive activity ofproteolyticfragments of type Vcollagen. Results shown in Fig. 1 suggested that the antiadhesive activity of type Vcollagen was mainly exerted by its a\ chain. To localize the antiadhesive site of a\ (V) further, we digested human a\ (V) chain with S. aureus V8 proteinase. Under limited digestion conditions, the a\ (V) chain was split into two large peptides of 90kDa and 60kDa. Smaller fragments appeared on prolonged digestion (Fig. 5) . The 90-kDa band consisted of two components whoseelectrophoretic mobilities were slightly different from each other (90KL and 90KS in . Mouse melanoma B16-F10 cells were suspended in DMEMthat contained 10% fetal bovine serum at about 105 cells/ml, and 1 ml of cell suspension was added into the dishes. Micro Photographs were taken using a phase-contrast microscope after incubation of the cells at 37°C for 8 hr. Concentration (|ug/ml) Fig. 3 . Effects of soluble collagens on the adhesion of mouse melanoma B16-F10 cells. Wells were coated with 10 /ig/ml fibronectin. Melanomacells were suspended in serum-free DMEM that contained various concentrations of native or heat-denatured collagens. Cell attachment assay was performed as described in the legend to Fig. 2. peptides were as follows.
60kDa: Ala-Leu-Arg-Gly-Pro-Ala-Gly-Pro-MetGly-Leu-X-Gly 90KL:
Thr-Gly-Phe-Gln-Gly-X-Thr-Gly-ProHyp-Gly-Val-Val-Gly-Pro-Gln-Gly-ProThr-Gly 90KS:
Thr-Gly-Pro-Met-Gly-Glu-Arg-Gly-HypPro-Gly-Pro
The N-terminal structure of the 60-kDa fragment is the same as that of the a\ chain ofpepsinized type V collagen (24). The N-terminal sequences of 90KL and 90KS started at amino acids 429 and 453 in the collagenous region of the a\ (V) chain, respectively. The 90KS fragment seemed to be produced by the proteolytic elimination of 24 amino acid residues from the N-terminus of 90KL. Wecall the mixture of 90KLand 90KS the 90-kDa fragment, structure of humana\ (V) predicted from the CDNAsequence (24) and the relationship between the 60-kDa and 90-kDa fragments are shown in the lower part of Fig. 5 . We found that the limited digestion with V8 proteinase (37°C, 60 min) did not abolish the antiadhesive activity of the a\ (V) chain (data not shown). The 60-kDa aureus V8 proteinase. Human a\ (V) chain was dissolved in 50 mM ammoniumcarbonate to make a 2 mg/ml solution and digested with 2^g/ml V8 proteinase at 37°C for the indicated period. Fragments of 60K, 90KLand 90KS in the 120 min digest were sequenced. Structural relationship between the 90-kDa and 60-kDa fragments is shown in the lower part. V8proteinase splits the a\ (V) chain at amino acid number 429 and number 453 in the collagenous region. The basic domain in a\ (V), to which heparin binds, is indicated by a dark square.
NC; non-collagenous propeptide region (24).
and 90-kDa fragments in the 60-min digest were fractionated by heparin affinity chromatography, because the 60-kDa fragment had a heparin-binding site in the molecule (29) , but the 90-kDa fragment did not (lower part of Fig. 5 ). As expected, the 90-kDa fragment (peak 1 in Fig. 6 ) was eluted from the heparin column at the flow-through position, while the 60-kDa fragment (peak 2) bound to the column and it was eluted by increasing the NaCl concentration to about 0.3 M (Fig. 6 ). Figure 7 shows the effects of the purified 90-kDa and 60-kDafragments on the adhesion of B16-F10cells. On the basis of weight or molar concentration, the 90-kDa fragment seemed to be more antiadhesive than a\ (V). On the other hand, the 60-kDa fragment was less effective than a\ (V) when compared at similar molar concentrations. Thus, the antiadhesive effect of a\ (V) seemed Time (min) Fig. 6 . Purification of the 60-kDa and 90-kDa fragments by heparin-HPLC. Humana\ (V) chain was digested with V8 proteinase for 60 min, and the digest was fractionated by a column of heparin 5PW. The bound materials were eluted with a linear gradient of NaCl. Peaks 1 and 2 were collected and pooled. Right; SDS-PAGE of peak 1 (90-kDa) and peak 2 (60-kDa). to be mainly governed by the C-terminal 90-kDa region. Binding offibronectin to collagen fragments. Binding of fibronectin to collagens and collagen fragments was assayed in microtiter wells using anti-fibronectin monoclonal antibody (Fig. 8) . The amount of fibronectin which bound to native type V collagen was 33% of that bound to collagen I. The binding affinity of the al (V) and al (V) chains for fibronectin was 6-fold that of fragments. Microtiter wells were coated with 10 /ig/ml collagen I (I), collagen V (V), a\ (V), al (V), 90-kDa (90K) or 60-kDa (60K) fragments of al (V). After blocking the wells with 2% BSA solution, 10 //g/ml fibronectin was added and the wells were left to stand at room temperature overnight. The amount of bound fibronectin was determined using peroxidase-conjugated anti-fibronectin monoclonal antibody (FN 12-8).
native type V collagen. The 60-kDa fragment of al (V) showed similar affinity as al (V), whereas little fibronectin bound to the 90-kDa fragment.
DISCUSSION
We previously reported that type V collagen inhibited the cell-substratum adhesion of several cell types, including HUVEcells, mouse 3T3 cells and their transformants, BHKcells, CHOcells and mouse melanoma B16-F10 cells (9). In the present investigation, the B16-F10 cell line was chosen to examine the mechanismsby which cell adhesion is inhibited by type V collagen because this cell line can adhere to a wide variety of cell-adhesive proteins, and also because this cell line has been generally used in the studies of experimental metastasis in mice. The present results showed that type Vcollagen inhibited the cell-substratum adhesion of B16-F10cells either in the presence or absence of serum. The antiadhesive activity was partially retained in the a\ (V) chain. Type V collagen inhibited the adhesion of the cells to fibronectin most effectively when the dishes were coated with a mixture of fibronectin and collagen V. Type V collagen was less active in inhibiting cell adhiesion when it was added to culture medium, indicating that the interference with cell adhesion was mainly caused by the collagen molecule that was immobilized on the substratum.
Weexamined the effects of type V collagen on the adhesion of B16-F10 cells to fibronectin, laminin and vitronectin. The cell-adhesive activities of these proteins are considerably different from each other. The concentrations of the proteins used in the present experiments were those which are sufficient for the maximal cell adhesive activities (10 /ig/ml fibronectin, 35 /ig/ml laminin and 5 /ig/ml vitronectin). Molecular weights of these proteins are also different from each other, so the experimental results were compared on the basis of the molar ratio of the adhesive proteins to type V collagen. Using this comparison, fibronectin seemed to be most sensitive to the antiadhesive effect of type V collagen, laminin was moderately sensitive, and vitronectin was least sensitive. B16-F10 cells adhere to at least two independent sites in the fibronectin molecule: the RGD-containing site in the type III repeats, and the CS1 site in the IIICS region. These two adhesion sites are recognized by different types of integrin (8, 25) . Because the adhesion of B16-F10 cells to fibronectin was severely inhibited by type V collagen, binding of the cells to both sites in the fibronectin molecule might be affected by this collagen. Yamamotoet al. (28) reported that focal adhesion plaques are formed in HUVEcells cultured on type I collagen or fibronectin, but that the adhesion plaques are not formed in the cells cultured on type V collagen and disassembly of F-actin fibers takes place. These and present results suggest that type V collagen interferes with the interactions between cell cur face integrins and extracellular matrix proteins such as fibronectin. Detailed mechanisms of this interference remain to be solved. To narrow downthe antiadhesive site in type V collagen, the a\ (V) chain was split into two large fragments, 90kDa and 60kDa, by limited digestion with V8 proteinase. These two fragments could be easily purified by heparin affinity HPLC. The 90-kDa fragment, which was derived from the C-terminal half of al (V) and lacked the heparin-binding site, inhibited the adhesion of B16-F10 cells more profoundly than a\ (V). Therefore, the 90-kDa region of the al (V) chain seemed to be mainly responsible for the antiadhesive activity of type V collagen. On the other hand, the antiadhesive activity of type V collagen was completely abolished by the treatment with CNBr. Thus, futher fragmentation of the 90-kDa peptide might affect its antiadhesive activity. The 60-kDa region of al (V) contains two RGDsequences, but the 90-kDa region contains no RGD(24). The antiadhesive effect of the 90-kDa fragment is therefore not due the competitive inhibition of the fibronectin-integrin interaction by RGD-containing peptides. Fibronectin is known to bind to collagen, and to bind with higher affinity to gelatin (3, 4). Therefore, one possible mechanism by which cell adhesion is inhibited by type V collagen is that the binding of type V collagen to fibronectin mayaffect the cell-adhesive activity of the fibronectin molecule. Similar mechanisms have been postulated for the inhibition of cell adhesion by tenascin (2, 21) and thrombospondin (13). However, some evidence make this possibility less likely. First, type I collagen has a higher affinity for fibronectin than type V, but it does not inhibit cell adhesion. Second, heat-denatured collagens have a higher affinity for fibronectin than native collagens, but heat denaturation decreased the antiadhesive activity of type V collagen. Third, a small amount of the 90-kDa fragment, which was more antiadhesive than a\ (V) or the 60-kDa fragment, bound to fibronectin, while a\ (V) and the 60-kDa fragment showed higher binding affinity for fibronectin.
Taken together, specific binding of type V collagen to fibronectin does not seem to be responsible for the inhibition of cell adhesion. Someother mechanisms might be involved.
The structure of the CDNA of type V collagen clearly indicates that this collagen, as well as type I collagen belongs to a typical fibrillar collagen group (6, 17, 24, 26) . Nevertheless, the effects of these two collagen species on cell adhesion are entirely different. Type V collagen is present in many tissues, and its increases in cases of atherosclerotic plaques and dermoplastic breast carcinoma have been reported (19). Continuous synthesis of type V collagen is required for the migration of epithelial cells in skin explants (22). However, physiological roles of type V collagen in vivo are not fully understood. Our observations suggest that type V collagen may play an important role in the regulation of cell adhesion, cell movement, morphogenesis and tumor metastasis. We attempt to examine the effects of type V collagen and its proteolytic fragments on experimental metastasis of melanoma B16-F10 cells in mice.
